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Abstract: Spontaneous emission (SE) of nitrogen-vacancy centers (NV-centers), which are
contained in a single nanodiamond (ND), placed near a silver nanocube, is investigated both
experimentally and theoretically. The ND-cube system is assembled with an atomic force
microscope, allowing us to directly compare its SE properties to that of the isolated ND. It is
demonstrated that the cube coupled NV-centers exhibit strongly polarized SE. For optimal pump
laser polarization, the rate of photons is enhanced by a factor of 4.1, with the excited state lifetime
being reduced by a factor of 4.1. The enhancement of photon rate is a consequence of local field
enhancement of the pump laser, while the SE polarization and lifetime reduction results from
coupling of NV-centers to the localized surface plasmon mode of the nanocube. The experimental
observations are in qualitative agreement with the model of SE from randomly oriented electric
dipoles, allowing us to reveal the underlying physics of the investigated configuration.
c© 2016 Optical Society of America
OCIS codes: (270.0270) Quantum optics; (260.3910) Metal optics; (160.2540) Fluorescent and luminescent materials;
(230.6080) Sources.
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1. Introduction
Efficient single photon source [1] is an enabling technology for quantum technological schemes,
exploiting the quantum nature of light [2–4]. The realization of such a device requires controlling
the spontaneous emission (SE) of a bright photostable quantum emitter [5]. Based on the
pioneering work of Purcell [6], efforts towards this goal typically consist of coupling the quantum
emitter, such as a molecule, quantum dot or diamond color center to engineered electromagnetic
modes e.g. resonator- or waveguide mode [7–10]. The coupling of emitters to a resonator
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mode has previously been demonstrated to allow for modification of the excited state lifetime,
spectral distribution and spatial SE pattern [11–13]. The potential coupling rate is optimized
by maximizing the quality factor to mode volume ratio of the resonant mode [14]. Generally,
the resonator design is optimized by two approaches: a low-loss all dielectric approach with
approximately diffraction limited mode volume or resonant metal nanostructures supporting
strongly confined plasmonic modes with quality factors limited by the intrinsic losses in metal
[15]. In the pursuit of limiting the influence of extrinsic loss factors such as grain boundaries,
surface roughness and lattice defects [16–18] of the metal, recent works have demonstrated the
potential of implementing atomically smooth chemically synthesized monocrystalline metal
nanoparticles in resonator configurations [19, 20]. Silver is typically the metal of choice for such
configurations, given the low loss and absence of background metal fluorescence (for 532nm
pump), which problematically mimic enhancement effects observed for quantum emitters [21,22].
The probability of a quantum emitter decaying to the resonator mode, free radiation or non-
radiative loss, respectively, is strongly dependent on the emitter position and the orientation
of its dipole moment [23–26]. The well-controlled coupling of emitters to metal nanoparticles
requiring accurate emitter positioning and orientation is therefore a strong focus in current
plasmonic research [27–30]. Excellent results have previously been achieved by coupling either
molecules or quantum dots to silver nanocubes [12, 20], however, these demonstrations suffer
from photobleaching of the emitter, thus limiting long-term use. A promising emitter to remedy
this issue is the nitrogen-vacancy center (NV-center) in diamond, given its photostable SE at room
temperature [31]. However, quantifying the influence of resonator effects on the SE properties of
NV-centers contained inside a single nanodiamond (ND) is challenging, with conventional use
of reference samples, due to the large ND-to-ND spread in lifetime and brightness [32, 33].
In this work, we directly quantify the changed SE properties of NV-centers in close proximity to
a monocrystalline silver nanocube, relative to a dielectric environment, by deterministic assembly
of a single ND-cube system using an atomic force microscope (AFM). The system yields a
background-free response for which the localized surface plasmon (LSP) mode of the cube is
well confined near the substrate, given the strong substrate-particle interaction for this specific
particle geometry [34]. In order to probe the range of NV-center responses, given the strong
dependence on position and dipole orientation, we initially consider the case of a ND containing
multiple emitters (∼15), coupled to a silver nanocube. The system exhibits strongly polarized SE,
with an enhanced photon rate, strongly dependent on the pump polarization, reaching a lifetime
reduction of a factor 4.1 (and corresponding photon rate enhancement of 4.1) under optimal
pump polarization. The experimental results are in qualitative agreement with modelling, which
allows us to identify governing parameters for the overall experimental observations. Finally
we demonstrate the consistency of our results for a ND-cube system containing few emitters
(1-2). The results provide a foundation for the optimization of SE properties of more complex
cube-based photon sources and may find applications within nanometer scale magnetometry
based on single or NV-center ensembles, for which optical read-out of the ground spin state is
essential [35, 36].
2. Experiment, results and discussion
The sample was prepared by introducing gold reference marks on a low fluorescence fused silica
substrate (SPI supplies) by standard electron beam lithography. The marks allowed for easy
identification of a specific ND, in both AFM and fluorescence scan maps. A following 10min
RCA1 cleaning step removed residual organic material and promoted surface hydrophilicity
for the subsequent spincoating of ND’s (Adámas Nanotechnology) with mean size/number of
NV-centers of 40 nm/∼15 suspended in water. Successively, a water suspension of chemically
synthesized silver nanocubes (nanoComposix), Fig. 1(b), of mean size 100 nm, encapsulated
in a polyvinylpyrrolidone (PVP) layer ≤ 5 nm, was spincoated onto the sample. The SE of
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NV-centers in diamond, situated on a low fluorescence fused silica substrate, were excited by a
532 nm linearly polarized pulsed laser (LDH-P-FA-530L - Picoquant) with pulse width/period
of ∼50 ps/400 ns, Fig. 1(a). A half-wave plate situated in the excitation light path controls the
polarization of the pump light, which is focused onto the sample by a ×100 (NA 0.90) objective.
The fluorescence, collected by the objective, was filtered by a dichroic mirror (cut-off 550 nm),
passed through an analyzer and detected either by a grating spectrometer (SR303i - Andor),
equipped with an electron multiplying CCD (IXon Ultra - Andor), or a single photon sensitive
photo avalanche diode (APD) (τ-SPAD - Picoquant) connected to a pulse-to-photon arrival
timing box (Picoharp 300 - Picoquant). We apply this setup to characterize the spectral and
temporal response for various configurations of pump polarization and analyzer. For direct
comparison of the spectral power, all measurements were done at an average laser power of
10 µW, using the same acquisition time of 10 min.
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Fig. 1. Schematic of experimental setup for characterization of NV-center SE (a). SP,
short pass; LP, long pass filter; PBS, polarizing beam splitter; λ/2, half-wave plate; DM,
dichroic mirror; Pol, analyser; FM, flip mirror. Experimental constituents, scale bar 200 nm,
micrograph of silver cubes (b) and AFM scan of ND (c). Spectral properties of individual
elements (d) scattering spectra of silver cubes on quartz glass, relative to white paper
(dashed), fluorescence spectrum of ND (red) and excitation laser line (green).
The measurements were completed within 72 hours of spincoating the silver cubes, during
which time we observed no fluorescence of the cubes, as cubes located with AFM did not
show up in our fluorescence scan maps. Scanning the sample with an AFM, we locate a single
ND, Fig. 1(c). The diamond emits the characteristic fluorescence spectrum of an NV-center,
identified by the zero phonon line peaks for the neutral (575 nm) and negative (637 nm) charge
states respectively, Fig. 1(d). Correspondingly, the resonance of the silver nanocube is measured
to ∼560 nm, based on the scattering spectrum of numerous nanocubes distributed on a glass
substrate. Enhancement effects can thus be expected at both the excitation and SE wavelength
for the assembled ND-cube system. We place the 30 nm ND, near the center of a cube facet, by
only manipulating the 110 nm cube with the AFM, Fig. 2(a). It is worth pointing out that by
this approach the ND (and hence NV-center dipole orientation) was unmoved throughout the
experiment. For reliable comparison of polarization dependent measurements, cf. the appendix.
For reference purposes, we introduce a cartesian coordinate system, with the x-, y-axes parallel
with the substrate and the x-axis aligned with the ND-cube axis, normal to the cube facet.
Initially, we do not consider the dependence of SE polarization, by omitting the analyzer in
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(dashed). Green and black curve give respectively fast and slow exponential of bi-exponential
decay for ND-cube system under x-polarized pump (solid red). Decay curve of isolated ND
under y-pump overlays that for x-pump and is omitted for clarity. Corresponding SE spectra
for excitation polarized along x (b) and y (d). Inset give the ND-cube to ND spectral ratio.
the detection light path. For x-polarized pump light, Fig. 2(b), the photon rate or fluorescent
power (obtained by integration of fluorescence spectrum) of the ND-cube system is enhanced by
a factor of 4.1 relative to the isolated ND. The spectral power is increasingly enhanced towards
the cube resonance, as NV-centers couple to the LSP-cube mode, effectively increasing decay
probability of near-resonance dipole transitions. The excited state lifetime is reduced by a factor
of 4.1, evident as the lifetime decay curve goes from single exponential (isolated ND) with a
fitted lifetime of 36.1 ns to double exponential (ND-cube) with a fast lifetime component of
8.9 ns, Fig. 2(c). For y-polarized pump light, the lifetime reduction is 3.2, Fig. 2(c), while the
total fluorescent power is decreased with an enhancement factor of 0.5, Fig. 2(d).
In the following, we consider the polarization dependent properties of NV-center SE. Inserting
an analyzer in the detection light path, we measure spectral and temporal SE properties for x- and
y-orientations of analyzer and pump light, Fig. 3. In the case of an x-oriented analyzer we recover
similar spectrum and decay curves observed for the ND-cube system in the absence of analyzer
for x-pump light, Fig. 3(a), with slight differences observed in the spectrum for y-pump light, Fig.
3(c). The similarity is a result of the SE being mainly polarized along the x-axis, as respectively
86 % (x-pump light) and 93 % (y-pump light) of the detected power is x-polarized. In contrast,
the SE of the isolated ND is preferentially co-polarized with the excitation, as respectively 78 %
(x-pump light) and 43 % (y-pump light) of the emitted photons are x-polarized. The polarization
of NV-center emission in the presence of the cube, result from excitation of the plasmonic cube
mode during NV-center relaxation. The cube mode is a dipole-like mode [34], consisting of
charge density oscillations along the ND-cube axis. The energy funnelled from the NV-center
into the cube is either ohmically dissipated or scattered to free space in dipolar fashion, polarized
along the dipole axis of the cube mode (ND-cube axis). The result is experimentally observed as
the apparent polarization of NV-center emission, for NV-centers efficiently coupling to the cube.
The efficiency of NV-to-cube energy transfer increases with the NV-center dipole projection on
the electric field of the cube mode, oriented perpendicular to the cube surface. For NV-center
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Fig. 3. Polarized SE spectra of isolated ND(blue) and ND-cube system(red). Excitation
polarized along x and analyzer orientation, x (a) or y (b). Excitation polarized along y and
analyzer orientation x (c) or y (d). Insets give corresponding measurements of lifetime decay
curves.
dipoles oriented along this axis, the increased rate at which the NV-center may dissipate energy,
given coupling to the cube, is observed as a decrease in lifetime. We note the reduced lifetime
and spectral modulations observed for x-oriented analyzer, demonstrate the strongly x-polarized
SE result from NV-centers coupling to the LSP mode of the cube. For y-oriented analyzer and
x-polarized excitation, Fig. 3(b), the signal can predominately be attributed to NV-centers not
coupling to the cube mode, as 78 % of the photons contribute to an exponential decay with a
near unchanged lifetime of 35 ns, in agreement with the unmodulated SE spectrum. Finally, for
y-polarized pump light, Fig. 3(d), the signal was reduced to an inadequate level for resolving
spectral features. The correspondingly weak lifetime decay curve, only slightly above the back-
ground of the APD dark count, is included for completeness.
With the purpose of identifying the underlying factors responsible for experimental obser-
vations, we numerically model the SE of NV-centers in close proximity to a silver nanocube
situated on a glass substrate. As the SE response of an emitter is strongly dependent on dipole
orientation, it is initially worth noting the physical dipole configuration of the NV-center. The
NV-center consists of a substitutional nitrogen-vacancy pair situated along the 〈111〉 crystal axis
in diamond [37]. 4 orientations of the N-V axis are thus possible within the diamond lattice.
The excitation and SE of the negatively charged NV-center is facilitated by 2 orthogonal dipole
axes, corresponding to the double degenerate excited electronic states, with the dipole axes lying
in the plane perpendicular to the N-V axis. At room temperature the population of the excited
electronic states completely mix, allowing spontaneous decay by either dipole axes [38]. The
modelling of SE from multiple NV-centers, distributed throughout the ND, with different dipole
orientation is clearly a complex challenge. In the following we, therefore, limit ourselves to a
simplified model by approximating the NV-center as a randomly oriented dipole. Considering
the relatively omnidirectional response of the negatively charged NV-center, given the 2-dipole
configuration, we consider such an approximation quite reasonable. The most likely response
of the ND, is obtained by averaging the modelled dipole response over the ND. Though only
qualitative agreement of experiment and model should be expected, the model captures the
governing physics of the experiment.
We proceed by a detailed description of the model. The excited NV-center is modelled as an
electric dipole, harmonically oscillating at the SE frequency, with the associated point source
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current density jp , for which unit vector nˆp defines the axis of charge oscillation or dipole axis.
Assuming unity intrinsic quantum yield, we note the time-averaged power Prad radiated from
the volume enclosing the cube and point source is given by the energy dissipation of currents
included in the volume [39]. Splitting current terms into the point source driving term and sink
terms for the polarization currents induced in the cube, we write:
Ptot = Prad + Pnr (1)
where Pnr is the power dissipated in the cube by ohmic heating, while the total power dissipated
by the point source is given by Ptot = − 12 Re{j∗p · E(r0)}. E being the electric field, generated
by the point source, at the source origin r0. Assuming the Cartesian dipole components are not
coupled, that is, the generated electric field is parallel with the dipole axis at r0, for an x-,y- or
z-oriented dipole, respectively. The power dissipated by the randomly oriented dipole is written
as a weighted superposition of contributions from Cartesian dipole components i.e. Ptot =∑
x ,y ,z
giPtoti . The weighting factors are found to be g‖ = 0.6 for the dipole component parallel
with pump polarization and g⊥ = 0.2 for the orthogonal dipole components, imposed by the
photo-selective dipole excitation of the pump light, on the assumption of parallel absorption and
emission dipole axis cf. the appendix. In order to model enhancement effects of the fluorescent
photon rate, we note the measured lifetime of the isolated ND (36.1 ns) is much longer than
the laser pulse duration (∼50 ps) and significantly shorter than the pulse period (400 ns). The
NV-centers, therefore, decay before the next laser pulse. We thus write the detected photon rate
(R), in the non-saturated form, limited by the excitation rate.
R = γexΦη (2)
The excitation rate is given by γex ∝ |nˆp · Eext (r0) |2, where Eext is the electric field gen-
erated by an external source (eg. laser) at the excitation frequency. While Φ = Prad/Ptot is
the quantum yield and η = Pob j/Prad the collection efficiency of the objective for the power
Pob j radiated to the objective. For simplicity, we model the NV-centers distributed within the
30 nm tall ND, by simulating the dipole response for an emission wavelength of 637 nm, over
a 30 nm×30 nm area in the xz plane, centred near the facet of a 110 nm cube. Enhancement
factors for each point is obtained relative to the response of the dipole above the glass substrate,
with reference parameters subscripted by 0. Finally, the enhancement factors most likely to be
observed in experiment, are obtained by averaging over the simulated dipole map. The best
agreement of experiment and model is found for a 16 nm separation of cube and ND simulation
area. Such a separation is quite realistic and the subsequent modelled values are thus simulated
under this condition.
Having established the general model, we proceed to identify the parameters responsible for
experimental observations by numerical full-wave 3D simulations (using the commercial finite
element software Comsol Multiphysics). Material parameters for the 110 nm silver cube with
side/corner rounding radius of 7 nm and the fused quartz glass substrate were obtained from
tabulated data [40, 41]. Considering the photon rate, Eq. 2, we find virtually unchanged values
for the quantum yield and collection efficiency, with average values for the ND-cube system of
Φ = 0.98, 0.97 and η = 0.22, 0.20 for x-, y-polarized pump respectively and Φ0 = 1, η0 = 0.17
for the reference. The enhancement of photon rate, is therefore attributed to an increased excita-
tion rate, resulting from local enhancement of the incident laser field. For x-polarized pump, the
field is strongly enhanced at the ND, given the excitation of the LSP mode of the cube (polarized
with the pump), well-confined near the substrate, Fig. 4(a). In contrast the excitation field is
suppressed under y-polarized illumination, Fig. 4(b), resulting in respectively enhancement and
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Fig. 4. Simulation of norm squared excitation field generated at by plane wave (wavelength:
532 nm) at normal incidence on silver cube, polarized along x (a) and y (b), relative to field
in absence of silver cube. White square indicate the simulated ND area. Contributions of
dipole components to average power radiated to objective for randomly oriented dipole (c).
Power dissipation of dipole radiating at emission wavelength 637 nm, relative to dipole in
absence of cube, for dipole moment orientation x(d), y(e) and z(f), mapped over the ND
simulation area.
suppression of the photon rate, in good agreement with experimental observations. Concerning
physical effects related to the emission wavelength (eg. radiative decay rate and polarization
of fluorescence), we initially consider the power dissipated by x-, y- and z-oriented dipoles
in the ND simulation area, Figs. 4(d)-4(f). The power dissipated by an x-oriented dipole is
significantly enhanced in close proximity to the cube, as the dipole orientation is well-aligned
with the electric field of the LSP mode, while the z-dipole show modest enhancement near the
rounded cube corner, the y-dipole is suppressed, presumably due to an anti-phase image dipole
induced in the cube facet, limiting dipole radiation by destructive interference [42]. Consequently
the reduced lifetime, mainly result from the randomly oriented dipole’s projection on the x-axis.
The model agrees qualitatively with experiment as a significant decrease in lifetime was observed
for x-oriented analyzer, Fig. 3(a) and 3(c), while the lifetime was mainly unchanged for y-aligned
analyzer, Fig. 3(b). Finally, we decompose the power radiated into the objective in terms of
x- and y-polarization and consider the contributions of the various dipole components to the
overall power radiated by the randomized dipole, Fig. 4(c). In order to account for the spatially
dependent dipole excitation efficiency, we apply a weighted average for the ND simulation area,
using |Eext |2 as weighting function. The power radiated to the objective, is dominated by the
efficient power dissipation of the x-dipole component, resulting in strongly x-polarized SE for
both x- and y-polarized pump light, in agreement with experimental observations.
We conclude the numeric study by comparing the trend of modelled and experimental en-
hancement factors, Table 1. Note the modelled value for lifetime reduction, given by (Ptot /Ptot0 ),
is obtained by a weighted average over the ND simulation area, using the excitation field as
weighting function. Generally the simple model of a randomly orientated dipole emitting at a
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Table 1. Experimental (red) and modelled (blue) values of photon rate enhancement and
lifetime reduction.
Photon6rate6enhancement Lifetime6
reduction
Analyzer
Excitation X Y
X
Y
4.1
4.2
2.0
4.11.5
1.4
8.5
0.6
11.6 1.9
1.8 0.06
3.2
6.3
0.08 0.5
Experiment Model
single wavelength, follow the trend of experimental values for lifetime reduction and photon rate
enhancement, when averaged over the ND. The photon rate enhancement factors observed in
experiment, may therefore be interpreted by two polarization dependent factors, enhancement of
excitation field and polarized SE resulting from NV-centers coupling to the LSP mode of the
cube. For x-oriented analyzer and pump polarization, the excitation field is enhanced at the ND
and the analyzer is aligned with the strongly x-polarized SE, resulting in the largest enhancement
factor. Rotating either pump or analyzer to y-orientation, either the excitation field is suppressed
or the analyzer probe the weak y-polarized SE, resulting in modest enhancement factors for
crossed analyzer and pump. In the case of both analyzer and pump parallel with the y-axis, both
factors contribute to a strongly suppressed signal. Beyond the simplified model, we qualitatively
comment on expected effects not captured by the model. We note the intrinsic quantum efficiency
of an NV-center in a ND is in fact not unity [33]. Enhancement of quantum yield by an increase
in the radiative decay, in the presence of the cube, may therefore be a contributing factor to the
enhancement of photon rate observed experimentally. On the other hand, neglecting the high
refractive index of the diamond in the model, is expected to result in an overestimation of the
excitation rate and hence photon rate enhancement, as the plasmonic field is typically ”pushed”
from the dielectric to the metal side, when increasing the refractive index of the dielectric. Neither
effect is however expected to change the polarization dependent tendencies modelled in Table 1.
Lastly, we demonstrate the consistency of our experimental observations by reproducing the
ND-cube coupled system for a ND containing few NV-centers. For the few emitter experiment,
the setup, Fig. 1(a), was upgraded with a continuous wave 532 nm laser (CL532-100 - Crystal
Laser), introduced in the excitation light path by a flip mirror. Excitation and collection was
facilitated by a ×100 (NA 1.4) oil immersion objective, while a 50:50 beamsplitter, inserted in
the collection light path, passes collected photons to a secondary APD (τ-SPAD - Picoquant),
for second order correlation measurements. The second order correlation function (g(2) (τ)) is
obtained as an event histogram by accumulating the time delay (τ) for events of a photon arriving
on one APD and starting a timer and the arrival of a photon on the other APD stopping the
timer. As single quantum emitters may only emit one photon at the time, the zero delay value
follow g(2) (0) = 1 − 1/n, n being the number of emitters contributing to the signal, assuming
no background. The number of NV-centers contained in the 20nm ND, Fig. 5(a), is determined
to be 1 or 2, evident as the g(2) (0)-value drops to ∼0.5, without applying any background
correction, Fig. 5(b). The absence of background fluorescence from the silver cube is evident
as the g(2) (0)-value for the assembled ND-cube system is nearly unchanged from the isolated
ND. The lifetime decay curve, Fig. 5(c), is fitted for a bi-exponential decay. We attribute the
fast exponential to background, fitted to respectively 4.9ns and 4.1ns for the isolated ND and
assembled ND-cube system. The slow exponential, resulting from NV-center emission, drop
from 27.9ns for the isolated ND to 11.6ns, after system assembly, giving a lifetime reduction
factor of 2.4. The assembly of the ND-cube system, Fig. 5(d), result in the characteristic spectral
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Fig. 5. Few NV-center emission from isolated ND (blue) and assembled ND-cube system
(red). AFM scans (a),(d) give the respective configurations, scalebar 200nm. 2. order corre-
lation measurement (b) no background correction applied. Lifetime decay curves fitted to
bi-exponentials (c). SE spectra normalized to a spectral area of 1 (e). Saturation model for
2-level system(line) fitted to measured photon count rate (points) as function of laser power
(f), errorbar correspond to one standard deviation.
change favouring near cube resonance emission, Fig. 5(e). Measuring the count rate on a single
APD as a function of pump power, for pump polarization optimized for maximal count rate, we
collect saturation curves for either configuration, Fig. 5(f). The curves are fitted to a saturation
model for a 2-level system of the form. R = R∞P/(P + Ps ), R being the detected count rate, P
the laser pump power, Ps the saturation pump power and R∞ the maximum detectable count
rate at infinite pump power. The curves are bounded between a linear non-saturated regime at
small laser power, for which the photon rate is limited by the excitation rate of the emitter. In the
saturated regime for large laser power, the photon rate is limited by the rate at which the emitter
can emit photons into the objective, given the finite lifetime of the excited state. Considering the
linear slope for the non-saturated regime, we find the photon rate increases by a factor 4.1 after
introducing the cube, in good agreement with the previous experiment. The count rate, for the
isolated ND at infinite pump power, is fitted to R∞ = 90 kcps, while the saturation curve for the
ND-cube system appear to increase beyond this level. The increase of R∞ after introducing the
cube, suggest the corresponding reduction of lifetime result from an increase in radiative decay
rate, given coupling to the cube, rather then quenching.
3. Conclusion
In summary, we have studied the SE properties of NV-centers in close proximity to a silver
nanocube relative to a homogeneous environment, by deterministic assembly of a single ND-
cube system using an AFM. The SE from the assembled system is strongly polarized along the
x-axis, intersecting the ND and cube, while the rate of emitted photons strongly depend on the
polarization of the pump laser. For optimal pump, the photon rate is enhanced by a factor of 4.1,
while the excited state lifetime is reduced by a factor of 4.1. Separating fluorescence spectrum
and lifetime decay curves into x- and y-polarization; the strongly x-polarized SE is attributed to
NV-centers coupling to the LSP mode of the cube, while a weak y-polarized signal is attributed
to uncoupled NV-centers. The physics observed in experiment is qualitatively reproduced by
modelling, the ND averaged, response of a randomly oriented electric dipole. Based on the model,
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we identify the total photon rate enhancement to result from local field enhancement of the pump
laser and potentially increased quantum yield, while the reduction in lifetime is a consequence of
NV-centers coupling to the LSP mode of the cube. The consistency of experimental results was
further demonstrated by the coupling of a ND containing few NV-centers to a silver nanocube.
The results provide a foundation for incorporating NV-centers into more complex cube-based
photon sources.
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Appendix
Nanodiamond orientation
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Fig. 6. AFM scan of ND as initially characterized, before moving silver cube (a) and
complementary scan after, moving silver nanocube to ND, characterization and finally cube
pickup with AFM (b). The ND orientation appear unchanged throughout the experiment.
Power dissipation by randomly oriented dipole
In the following we calculate the average dipole components of an excited dipole for a random
absorption dipole orientation. The power dissipated by the dipole at the emission wavelength
is expressed as a superposition the power dissipated by respective an x, y or z oriented dipole
moment, weighted by the average dipole components of the excited dipole.
We specify the vector for the absorption dipole moment in spherical coordinates with azimuthal
angle ϕ and inclination angle θ. The probability of finding the absorption dipole in the interval
[θ, θ + dθ; ϕ, ϕ + dϕ], is given by the differential surface area of a sphere, relative to the total
area.
f (θ)dθdϕ =
sin(θ)dθdϕ
4pi
(3)
We consider the electric excitation field oriented along the cartesian z-axis, and note the
probability, the excitation field will excite the dipole, is proportional to the squared norm of the
absorption dipole projection on the excitation field. The probability of finding the excited dipole
in the interval [θ, θ + dθ; ϕ, ϕ + dϕ] is thus given by:
fex (θ)dθdϕ = C
sin(θ) cos2(θ)dθdϕ
4pi
(4)
C being the normalization factor, such that 1=
∫ 2pi
0
∫ pi
0 fexdθdϕ. Expressing the excited dipole
moment in cartesian components.
p = |p|(nˆx cos(ϕ)sin(θ) + nˆy sin(ϕ)sin(θ) + nˆz cos(θ)) (5)
We calculate the average norm squared components of the excited dipole.
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〈
|px |2
〉
=
∫ 2pi
0
∫ pi
0
|px (θ, ϕ) |2 fex (θ)dθdϕ = gx |p|2 (6)〈
|py |2
〉
=
∫ 2pi
0
∫ pi
0
|py (θ, ϕ) |2 fex (θ)dθdϕ = gy |p|2 (7)〈
|pz |2
〉
=
∫ 2pi
0
∫ pi
0
|pz (θ) |2 fex (θ)dθdϕ = gz |p|2 (8)
Weighting factors being respectively, gz=0.6 for dipole component parallel with excitation
field and gx=gy=0.2 for dipole components orthogonal to excitation. Assuming the absorption
dipole axis (ie. dipole axis at the excitation wavelength) is parallel with the emission dipole axis
(ie. dipole axis at the emission wavelength), we express the emission dipole unit vector (nˆp),
interims of the average excited dipole orientation.
nˆp = (nˆx
√
gx + nˆy
√
gy + nˆz
√
gz ) (9)
The power dissipated by the radiating dipole oscillating at the emission frequency, is given by
the classical expression [39].
Ptot =
ω2 |p|2
2c2ε0ε
(
nˆp · Im{
↔
G(r0 , r0 , ω)} · nˆp
)
(10)
ω being the emission frequency, c the vacuum speed of light, ε0 the vacuum permittivity, ε the
permittivity of the medium and
↔
G Green’s dyadic evaluated at the dipole location r0. Assuming
no coupling of the cartesian dipole components, that is the Green dyadic only contain diagonal
elements, as the electric field (evaluated at r0) generated by an x-,y or z-oriented dipole, is
parallel with the respective dipole axis. We express the total power dissipated by the dipole,
as a superposition of the power dissipation for a x,y and z oriented dipole, weighted by the
corresponding weighting factor.
Ptot =
ω2 |p|2
2c2ε0ε
 ∑
i=x ,y ,z
gi nˆi · Im{
↔
G(r0 , r0 , ω)} · nˆi
 (11)
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